INTRODUCTION
The genus Mycobacterium is best known for its two major pathogenic species, M. tuberculosis and M. leprae, the causative agents of two of the world's oldest diseases, tuberculosis and leprosy, respectively. M. tuberculosis kills approximately two million people each year and is thought to latently infect onethird of the world's population. One of the most remarkable features of the nonsporulating M. tuberculosis is its ability to remain dormant within an individual for decades before reactivating into active tuberculosis. Thus, control of cell division is a critical part of the disease.
The mycobacterial cell wall has unique characteristics and is impermeable to a number of compounds, a feature in part responsible for inherent resistance to numerous drugs. The complexity of the cell wall represents a challenge to the organism, requiring specialized mechanisms to allow cell division to occur.
Besides these mycobacterial specializations, all bacteria face some common challenges when they divide. First, they must maintain their normal architecture during and after cell division. In the case of mycobacteria, that means synthesizing the many layers of complex cell wall and maintaining their rod shape. Second, they need to coordinate synthesis and breakdown of cell wall components to maintain integrity throughout division. Finally, they need to regulate cell division in response to environmental stimuli.
Here we discuss these challenges and the mechanisms that mycobacteria employ to meet them. Because these organisms are difficult to study, in many cases we extrapolate from gramnegative bacteria or more closely related GC-rich gram-positive organisms.
CELL WALL COMPONENTS What Is the Structure of the Mycobacterial Cell Wall?
The mycobacterial cell wall consists of an inner layer and an outer layer that surround the plasma membrane (50) . The outer compartment consists of both lipids and proteins. The lipids are often freely associated with the cell wall, with some long-and short-chain fatty acids complementing the short and long chains found in the inner layer. The lipid-linked polysaccharides associated with the outer cell wall consist of lipoarabinomannan (LAM), lipomannan, phthiocerol-containing lipids such as phthiocerol dimycocerosate, dimycolyl trehalose (cord factor), sulfolipids specific to M. tuberculosis, and the phosphatidylinositol mannosides. In slow-growing, pathogenic mycobacteria, such as M. tuberculosis and M. leprae, the LAMs are capped at the terminal ␤-Ara residue with mannose residues and are referred to as ManLAMs (68, 69, 301, 324) , whereas the fast-growing mycobacteria, such as M. smegmatis and M. fortuitum, have phosphoinositol-capped LAMs known as PILAMs (301) . Furthermore, M. chelonae LAMs are devoid of caps and referred to as AraLAMs (68, 69, 301, 324) . These outer proteins and lipids are soluble components of the cell wall and have been referred to as the signaling and effector molecules of mycobacteria (50) because of their known roles in interacting with the immune system.
The inner compartment consists of peptidoglycan (PG), arabinogalactan (AG), and mycolic acids (MA) covalently linked together to form a complex known as the MA-AG-PG complex that extends from the plasma membrane outward in layers, starting with PG and ending with MAs ( Fig. 1 ). This complex, discussed in detail here, is insoluble and referred to as the essential core of the mycobacterial cell wall (50) . Many of the drugs used to combat mycobacteria target the MA-AG-PG complex.
One caveat worth mentioning is that mycobacteria represent a diverse group of organisms. Much of the work on cell growth has been performed with two divergent members of the genus, the saprophytic bacterium M. smegmatis and the human pathogen M. tuberculosis. These two species have a number of important differences, and we do not know how many of the lessons learned with one apply to the other or, more generally, to other members of the genus.
PG. PG, or murein, is a versatile material, rigid enough to provide a scaffold for bacteria to maintain their shape and protect them from osmotic turgor pressure yet malleable enough for the bacteria to grow and expand. Almost all of the known species of eubacteria (hereafter referred to as bacteria) contain PG, with exceptions including the fascinating Mycoplasma and, arguably, Chlamydia (313) . The archaea also have semirigid cell walls composed of compounds such as protein or pseudomurein that replace the role of PG (206, 222) . The structure of PG is unique to bacteria and thus an excellent target for therapeutics. As its name implies, PG is made of peptides and glycan strands. The long glycan strand typically consists of repeating N-acetylglucosamines (NAGs) linked to N-acetylmuramic acid (NAM). These strands are cross-linked by peptides bound to the lactyl group on NAMs from different glycan strands (22, 188) . These peptide chains normally consist of L-alanyl-D-iso-glutaminyl-meso-diaminopimelic acid (DAP) from one strand linked to the terminal D-alanine residue from L-alanyl-D-iso-glutaminyl-meso-DAP-D-alanine from a different strand. While all bacteria require a dibasic residue for cross-linking PG, there are several residues from which to choose. Most gram-positive bacteria utilize lysine; however, DAP is commonly used instead by actinomycetes and gramnegative bacteria.
Mycobacteria have what is know as chemotype IV cell walls, containing PG with meso-DAP and AG (368) . While similar to a standard PG structure, the mycobacterial structure has a few differences (Table 1) . First, some of the muramic acid has an N-glycolyl group rather than an Nacetyl group. Of the known bacteria, only the actinomycetes have been shown to contain PG that has N-glycolylated muramic acid (186) . The actual percentage of glycolylation is still debatable. Previous studies used the drug D-cycloserine, which inhibits D-Ala-D-Ala ligase, to block incorporation of PG precursors into the PG in order to generate sufficient precursor material for analysis. They found that all muramic acids were N glycolylated (11, 233, 315, 399) . Recently, using a technique that does not require blocking PG synthesis, researchers found that mycobacterial PG contains both N-glycolyl and N-acetyl modifications (254) . The researchers noted that use of D-cycloserine resulted in all of the precursors becoming N-glycolylmuramic acid. Second, approximately 25% of cross-links in the PG of M. smegmatis (and other mycobacteria) are unique in that the bonds are between two DAP molecules (DAP-DAP), while the remaining cross-links are the typical DAP-alanine (446) . In contrast to the 75% of PG cross-linked in mycobacteria, only 20 to 50% is cross-linked in Escherichia coli (268, 426) . While DAP is thought to be essential to mycobacteria, a mutant that incorporates lanthionine in the place of DAP has been reported (77) . Third, L-glutamate and DAP are amidated in mycobacterial PG (233) . This is also the dominant form in Bacillus subtilis (5) . Finally, some of the Dglutamate or L-alanine (M. leprae) residues are modified with glycine (116, 117, 224) .
The biological significance of these differences is unknown (Table 1 ). It could be that the DAP-DAP linkage provides increased rigidity to the PG when bacteria are in certain stressful conditions (152) . Interestingly, vegetatively growing E. coli typically lack DAP-DAP linkages, but DAP-DAP bonds appear during stationary phase, potentially in response to nutrient depletion or other stress (401) . Also, the PG from mycobacteria is significantly more resistant to lysozyme than E. coli PG (108) . The amidation of L-Glu and DAP may play a role in the regulation of cross-linking and could also increase resistance to hydrolysis by specific endopeptidases, as seen with the amidation of PG sugar residues increasing resistance to muramidase (254) . The N-glycolyl group on the muramic acid could provide more hydrogen-bonding energy and thus tighten the PG (51) . An M. smegmatis strain lacking the enzyme for modifying the muramic acid to an N-glycolyl group was shown to have increased sensitivity to ␤-lactams and lysozyme (343) . The orientation of PG relative to the surface of the bacterium has been debated for over four decades (276) . Traditionally, the PG layer has been thought of as being parallel to the surface of the bacterium (55, 111, 217, 218, 365, 426) . Some argue that a parallel PG would better accommodate cell division (426) . Others prefer a model where the PG is orthogonal or perpendicular to the surface membrane (111, 112, 123, 267, 319) . Sufficient evidence to prove a particular model has not been forthcoming. Most recently, researchers reported the three-dimensional nuclear magnetic resonance structure of PG (276) . Because the main limitation in solving PG structure is a lack of a pure extract, the researchers carried out the 37-step reaction required to synthesize a 2-kDa product in vitro. The product (NAG-NAM [pentapeptide]-NAG-NAM [pentapeptide]) was a replicate of typical gram-positive PG, containing L-lysine instead of meso-DAP, but should be similar to DAPcontaining PG. The authors reported a PG structure that has an ordered, right-handed helical saccharide conformation with three NAG-NAM pairs per helix turn that is orthogonal to the bacterial surface (276) . Understanding the structure of PG in relation to other cell wall components should provide insight into the biosynthesis of PG and may yield clues for novel therapeutics.
AG. AG is the major polysaccharide of the mycobacterial cell wall. It is important for cell wall integrity and for anchoring the impermeable MA layer to the PG layer. AG is composed of arabinan and galactan, both in the relatively uncommon furanose form (273) . The galactose residues are arranged in alternating 135, 136 linkages of approximately 30 residues, with the arabinan attached to the 5 position of the galactan in 135 linkages (84) . Some of the galactan polymers may not have arabinan attached and thus are unbranched galactan chains (81) . AG is covalently attached to the PG layer by a phosphoryl-N-acetylglucosaminosyl-rhamnosyl linkage (81, 272) , which is related to the linker used to attach teichoic acid to PG in gram-negative bacteria (219) .
MAs. MAs are the primary determinant for cell wall permeability and consist of a variety of short ␣-alkyl-and long ␤-hydroxyl-fatty acids ranging from 60 to 90 carbons per chain (27) . The majority of MAs are covalently linked to the AG by ester links (81) and exist as tetramycolyl-pentaarabinofuranosyl clusters on the AG (67), although some have been found to be extractable from the membrane. The outer layer of lipids and proteins mentioned above intercalates into the MA layer. In M. tuberculosis, the meromycolate segments of the MAs can be, whereas the MAs of M. smegmatis are not, modified by cyclopropanation (67) . Recent work has shown that trans-cyclopropanation of MAs suppresses inflammation caused by M. tuberculosis infection (334) .
Are Mycobacteria Gram Positive or Gram Negative?
DNA-based molecular taxonomy groups mycobacteria with gram-positive bacteria, since most mycobacterial genes show high similarity to genes in other gram-positive organisms, such as Bacillus, compared to gram-negative organisms. However, there are potential functional distinctions between the mycobacterial cell wall and the standard gram-positive cell wall. The prototypical cell wall of gram-negative bacteria consists of an inner membrane formed by a lipid bilayer, a thin sheet of PG (one to three layers) contained within the periplasmic space, and an outer membrane. Often these bacterial cell walls include lipopolysaccharide, lipoproteins, and porins, and they are occasionally encapsulated by a carbohydrate capsule. In contrast, the prototypical gram-positive bacterial cell wall contains an inner membrane, a thick PG layer (10 to 20 layers), and no outer membrane. The PG layer of M. leprae is 4 to 5 nm thick, while the corresponding layer of M. tuberculosis is 10 to 15 nm (398) . These cell walls are decorated with other compounds such as teichoic acids, lipoteichoic acids, and MAs. While mycobacteria are structurally gram-positive bacteria, lacking a true outer membrane and containing a thick layer of PG, they also share properties with gram-negative organisms, such as not retaining the Gram stain (instead they are known as acid fast for the retention of Carbol fuchsin dye even in the presence of acidic alcohol), containing porins in their outer lipid layer, and having a potential space that may function in a manner similar to the gram-negative periplasm.
Do mycobacteria actually have a periplasm? Although this is traditionally a gram-negative attribute, cryo-transmission electron micrographs of the gram-positive B. subtilis reveal a space similar to the periplasmic space (162) . In mycobacteria, the outer layer of lipids and proteins mentioned above intercalates into the MA layer to form a lipid layer resembling the outer layer of gram-negative bacteria. This outer layer of lipids arguably forms a "pseudoperiplasm" that has functional consequences that we will discuss below.
Why Are Mycobacteria So Innately Resistant to Antibiotics?
While multidrug resistance has recently grabbed headlines, mycobacteria are inherently resistant to numerous antibiotics. Much of this resistance is attributable to the cell wall. Mycobacteria have unusually impermeable cell walls that are thought to be advantageous in stressful conditions of osmotic shock or desiccation as well as contributing to their considerable resistance to many drugs. The M. chelonae cell wall is 30 times less permeable to hydrophilic molecules than E. coli (200) , while M. smegmatis was found to be about 20 times less permeable than E. coli (407) . The permeation ability of a lipophilic molecule is inversely related to the fluidity of the cell wall, which decreases as the length of fatty acids in the MA layer increases (51) . Lipophilic drugs, such as fluoroquinolones or rifamycins, pass more easily through the lipid-rich cell wall and thus are more active (51, 451) .
However, the low permeability is not sufficient to explain the level of innate drug resistance seen in mycobacteria (199) . The surface-to-volume ratio is extremely high for small organisms like bacteria, such that even when low permeability is factored in, mycobacteria must have some other characteristics that make them resistant to antimicrobials (199) . Experiments measuring the equilibrium diffusion for mycobacterial drugs show that the drugs reach cytotoxic levels inside the bacteria within a fraction of the generation time, yet the bacteria are able to survive (199) . Strategies that mycobacteria use in combination with the low rate of diffusion through the cell wall likely include efflux pumps, response regulators, antibiotic-modifying or -degrading enzymes such as ␤-lactamase (62, 433) , targetmodifying enzymes, and decoys that mimic the drug target (300).
If Mycobacteria Are So Impermeable, How Do They Access Nutrients?
The MAs are the major determinants of cell wall fluidity and permeability of lipophilic molecules. The density and thickness of the MA layer directly determine the ability of lipophilic molecules to traverse the cell wall. Hydrophilic molecules, which are unable to cross, are able to pass through porins inserted into the cell wall and membrane (391, 408, 447) . In contrast, lipophilic solutes are unable to efficiently pass through porins (302) and must diffuse through the membrane. The fast-growing M. smegmatis expresses the porin-like protein MspA, which appears to be important for nutrient uptake and is lacking in slow-growing M. tuberculosis (300) . Expression of the M. smegmatis MspA porin in M. bovis BCG results in a twofold increase in glucose uptake and an higher growth rate (256) , suggesting that access to extracellular nutrients may limit growth rates. The porin protein OmpATb, thought to be present only in pathogenic species of mycobacteria, shows a propensity to close its channel in low-pH conditions, which may help bacterial survival in the acidic conditions encountered in the macrophage phagosome (286) .
How Do Mycobacteria Synthesize Cell Wall Components?
PG. As mentioned above, the structure of mycobacterial PG is quite similar to that of PG from other bacteria.
While not yet confirmed, the same appears to be true for its biosynthesis. Mycobacteria possess several genes homologous to those that encode synthetic enzymes for PG in E. coli and B. subtilis. In other well-studied organisms, the precursors of PG are generated in the cytoplasm, translocated to the outside of the plasma membrane, and linked into the existing PG sacullus. PG synthesis has been thoroughly reviewed for E. coli (420) (421) (422) and for mycobacteria (81) .
The first set of reactions takes place in the cytoplasm due to the requirement for nucleotide-activated sugars and soluble amino acids. (Fig. 2 ) Synthesis is initiated when UDP is linked to NAG (possibly catalyzed by FlmU) to form UDP-NAG. Next, MurA adds an enoyl pyruvate to the 3 position of NAG (107) , which is then reduced by MurB to form muramic acid, resulting in UDP-NAM. A series of reactions then occur, adding, in order, L-alanine (catalyzed by MurC), D-glutamine (MurD), DAP (MurE), and D-alanyl-D-alanine (MurF) to form UDP-NAM-L-alanyl-D-iso-glutaminyl-meso-DAP-D-alanyl-D-alanine (UDP-NAM-pentapeptide, also known as Park's nucleotide). Lipid I is generated when MurX transfers UDP-NAM-pentapeptide to decaprenyl phosphate, a long carbon chain uniquely used by mycobacteria rather than the standard undecaprenyl phosphate (254) . It has been suggested that NAM is glycolylated to become N-glycolylmuramic acid at some point after lipid I formation (254) by the enzyme NamH (343) . Next, MurG links NAG to lipid I to synthesize lipid II. Lipid II is then translocated across the plasma membrane with the aid of bactoprenol (undecaprenol in E. coli), a carrier of cell wall subunits. FtsW or RodA might serve as a translocase or, possibly, as a flippase that assists in transporting the precursor across the membrane (104, 195, 214) .
The second set of reactions occurs initially on the plasma membrane and then within the periplasmic or "pseudoperiplasmic" space. Initially, a transglycosylase reaction links the PG monomer to an existing strand of PG (458) . Next, to further strengthen the PG, a transpeptidase reaction occurs that links the DAP of the acceptor peptide to either a DAP or the penultimate D-alanine on the donor peptide. The transpeptidase that forms the DAP-DAP linkage is likely resistant to ␤-lactams and thus represents a potential new drug target (152, 253) . Unfortunately, the enzyme thought to catalyze this reaction has yet to be identified.
Cleavage of D-alanyl-D-alanine is thought to provide the energy necessary for the PG-cross-linking reaction, since no ATP is available in the periplasm. While the antibiotic penicillin mimics D-Ala-D-Ala, vancomycin binds to the terminal D-Ala-D-Ala, resulting in either drug blocking this cross-linking step. Researchers have shown that the dual-domain penicillin-binding protein encoded by ponA1 of M. smegmatis is capable of both transglycosylase and transpeptidase reactions in vitro (30) . Furthermore, an M. smegmatis ponA1 null mutant has been reported to be more susceptible to ␤-lactams and has a reduced rate of growth (37) . The E. coli PonA homologues PBP 1a and PBP 1b have been shown to attach lipid II to existing PG saculli in vitro (46) , and the PBP 1 proteins from M. tuberculosis, M. leprae, and M. smegmatis have all been shown to have similar functions (30, 239) .
AG. The first step in AG synthesis (reviewed by Crick et al. [81] and Brennan and Nikaido [51] ) is the formation of the "linker region." This linker is the site of attachment to PG and is related to that used for linkage of teichoic acid to PG (219) . This linker is formed when UDP-NAG is transferred to a prenyl phosphate and rhamnose is added (279) . The next two steps occur separately and result in the formation of units that will be polymerized in future steps. In these reactions, UDPgalactofuranose is generated from UDP-galactopyranose (444) and decaprenylphosphoryl-arabinofuranose is generated from the pentose phosphate pathway (366, 367) . Galactofuranose is then added to the linker region and polymerized to form long, linear chains (281) . Arabinofuranose moieties are added to the polymerized galactose in both linear and branched chains (20) . Finally, the AG complex is ligated to the PG and decaprenyl phosphate is released. It is not yet known what enzyme ligates AG to PG.
MAs. There are two main means of synthesizing MAs (reviewed by Brennan [50] and Takayama et al. [400] ). The first is through a multienzyme complex known as fatty acid synthase (FAS) type I. The complex is able to synthesize MA de novo, generating fatty acid acyl coenzyme A derivatives of C 14 to C 26 in length (67) . The second is FAS type II, which requires an initial acylated product that can then be elongated by FAS type II.
Recently, researchers found that a key component of FAS type II, the ␤-ketoacyl-acyl carrier protein KasA, physically associates with the chaperone GroEL1 (305) . Mycobacteria encode two GroEL paralogues (GroEL1 and GroEL2), which is unusual. While GroEL2 is essential for normal growth (361), GroEL1 regulates MA formation and was shown to be required for the formation of mature biofilms (305) . The transition to mature biofilms might require elevated levels of MAs, and this phenotypic switch could, therefore, be dependent on GroEL1 (305) .
Lipid synthesis can also be regulated by Rv2869, a membrane-bound S2P metalloprotease that cleaves membranebound transcriptional regulators within their transmembrane segments (257) . An Rv2869 null mutant produced less extractable mycolic lipid than the wild type, had decreased cording, and was found to have reduced virulence in mice (257) . Additionally, the pcaA gene, encoding MA cyclopropane synthetase in M. tuberculosis and BCG, is required for proper in vitro cording of bacteria and in vivo pathogenesis (148) . M. smegmatis does not make cyclopropanated MAs. A recent in silico systematic analysis of MA biosynthesis pathways used flux balance analysis to produce a comprehensive model of MA synthesis in M. tuberculosis (330) . This model has yet to be fully investigated in the laboratory.
How Is PG Synthesis Controlled?
Penicillin-binding proteins (PBPs) have penicilloyl serine transferase activity and were first described for their ability to covalently bind penicillin. The DD-transpeptidase (352, 353) . When combined, PBP7/8 and Slt70 were more stable and synergistically degraded PG, suggesting that protein-protein interactions are involved in regulating activity. Two other reported complexes include interactions between RpfB (lytic transglycosylase) and RipA (endopeptidase) in mycobacteria (183) and between PBP 1b (a bifunctional synthase), MltA (a lytic transglycosylase), and MipA (a scaffolding protein) in E. coli (426) .
What Regulates the Activity of Enzymes
Responsible for PG Synthesis?
If hydrolytic enzymes were not properly regulated, the bacterial cell wall would be degraded and the bacteria would lyse. There are several ways that these potentially lethal enzymes, some known as autolysins, could be governed. One method, mentioned above, is through the formation of complexes with other proteins. These proteins could suppress the activity of the enzyme, or they could be enzymes themselves with antagonistic reactions that join rather than degrade PG. Another possibility is that the enzymes are sequestered from their substrate until they are needed. A third method could be that the appropriate substrate is not made available until cleavage of it is required. For instance, a lytic transglycosylase could cleave the glycosidic bond in PG, making the cross-linking peptide accessible to an endopeptidase, or vice versa. This cooperation between antagonistic enzymes is in line with the current models of PG synthesis, where new bonds are made before old ones are broken. The question remains as to whether or not these PG enzyme complexes are the main mechanism for regulating their individual and overall activity.
Do Mycobacteria Recycle Cell Wall Material?
E. coli breaks down nearly 50% of its PG every generation (156, 157) . If this material were lost each generation, a tremendous amount of energy and nutrients would be wasted. Instead, E. coli and many other gram-negative bacteria recycle the breakdown components. In the case of E. coli, the membrane protein AmpG is responsible for transporting the disaccharide peptides back into the cytoplasm (244) . This process can also be used as a means of inducing ␤-lactamase, an enzyme capable of breaking down ␤-lactams, such as penicillin (197) , and allows the bacterium to monitor the status of its cell wall. The degree to which PG material is sloughed off by bacteria can greatly affect the host response to the infection. For instance, release of PG from Bordetella pertussis (153) , Neisseria gonorrhoeae (274) , Helicobacter pylori (423) , and Vibrio fischeri (223) acts to stimulate inflammatory processes by binding specific pathogen recognition molecules.
It is traditionally thought that gram-positive bacteria do not recycle PG as it is broken down (312), since, without an outer membrane to hold in components, the released PG fragments diffuse away from the bacterium. However, in gram-positive bacteria like mycobacteria, with thick lipid-containing outer walls, the idea that they may have a functional "pseudoperiplasm" challenges the assumption that they cannot recycle PG fragments. A mycobacterial AmpG homologue has not yet been identified and characterized, but some transport of the PG material back into the cytosol would be needed. It should be noted that mycobacteria do have ␤-lactamases, enzymes associated with cell wall monitoring and remodeling (136, 137, 271, 434) .
How Do Antibiotics Target the Cell Wall?
Most of the antibacterial therapeutics developed for mycobacteria target components of the cell wall. Ethambutol inhibits the polymerization step of AG synthesis (280) . Isoniazid is a prodrug activated by mycobacterially encoded KatG catalase in the cell wall that, when active, inhibits MA synthesis (461) . Ethionamide is a prodrug that, upon activation, inhibits fatty acid synthesis required for MA synthesis (14) . The standard treatment for tuberculosis is 6 to 9 months of isoniazid, rifampin, pyrazinamide, and ethambutol, compounds developed in the 1950s and 1960s (300) . A better understanding of mycobacterial cell wall synthesis will likely lead to new drug targets.
MAINTENANCE OF SHAPE

Why Are Mycobacteria Rods?
When choosing a shape, bacteria have a plethora of options, but why choose one shape over another? What are the physiological consequences of these different shapes, and what effect does shape have on the bacterium's biology? The decision as to why to assume one shape over another is likely guided by several factors, including nutrient acquisition (increased surface area-to-volume ratio increases diffusion of nutrients, which is important in a low-nutrient environment), motility (localization of flagella at one end of rod and recruitment of host proteins to form actin tail), attachment (localized adhesion molecules and structures), proper partitioning of genetic material (symmetry increases the likelihood of accurate division of chromosome and cytoplasm), and localization of complex structures (secretion apparatuses) (453) . But what determines and maintains these shapes? bacterial shape. That having been said, the mollicutes, which are related to gram-positive bacteria, have no cell wall or PG (they use cholesterol-containing cell membranes instead), yet they still maintain complex shapes (55) , probably through use of several cytoskeletal proteins (227, 435) .
PG isolated from E. coli retains its rod-like shape even in the absence of all other material (440, 441) , confirming its role in shape maintenance. Also, treatment of bacteria with lysozyme, which degrades PG, results in rod-shaped cells becoming round spheroplasts (232, 439) . Spheroplasts, or round bacteria lacking PG, can be formed in M. smegmatis through degradation of PG (417) . Upon transfer to growth media, the spherical bacteria are able to regenerate wild-type rod-shaped cells. This occurs through elongation of bacteria that then branch, septate, and fragment (417) . These data argue that shape and size are not simply governed by existing PG but that there is likely also a heritable, genetic shape and size determinant.
If PG maintains the shape of the bacterium, what determines the shape of PG? The logical answer is that the enzymes that synthesize the PG determine its shape. Much attention has been paid to the enzymes responsible for synthesizing and modifying PG, and many effective drugs target these proteins. Deletion or mutation of a number of these enzymes individually, but more often in combinations, can result in shape changes (55, 452) . Also, loss or alteration of components attached to the PG can affect shape, such as in B. subtilis, where loss of teichoic acid or lipoteichoic acid leads to altered morphology (32) .
How PG-synthesizing enzymes organize into complexes likely contributes to the resulting shape. There are many models for how this organization affects shape. The "two-competing sites" model advocates that, in rods, one complex of enzymes is involved in PG elongation, while another set generates the septum between two daughter cells before cell division (1) . This model argues for the two reactions to be specialized and spatially exclusive, such that when elongating, septation would be inhibited and vice versa (245, 362) . The "three-for-one" model and others predict the insertion of PG along a track, using an existing strand of PG as a template. This results in doubling the length in one direction, but since following a strand, no additional length is added in the direction perpendicular to the strand. Thus, width would stay constant (188) . Another theory as to how cells maintain a constant width posits that the poles are capped with a type of PG that prevents rapid turnover or insertion of new PG (105) . Thus, the caps would restrict the width of the bacterium.
Where Does Nascent PG Localize?
If synthesizing new PG determines the resulting shape of the bacterium, then it would be useful to know where PG is being synthesized and inserted (Fig. 3) . One way to ascertain where new PG is being inserted into the cell wall is to measure the turnover of PG in the cell by pulsing cultures of bacteria with the abnormal amino acid D-cysteine, which will be incorporated into the newly generated PG, and then visualizing by immunodetection of the -SH groups throughout the entire cell. Measurement of PG turnover in E. coli revealed patches of inert, stable PG (105) at the poles and newly formed septa, as if capped and protected from turnover. The switch from active to inert PG is thought to occur at the septum, as it is being produced, but it is unknown what causes this switch and the nature of the new, inert PG (105) . A more recent technique, staining nascent PG in B. subtilis using the fluorescently labeled PG-binding antibiotic vancomycin (Van-Fl) or ramoplanin, has been developed. Van-Fl specifically binds D-Ala-DAla, which is found specifically in newly generated PG, while fluorescently labeled ramoplanin binds initiation sites of PG synthesis and lipid II. These techniques revealed helical patterns of nascent PG similar to those of localized MreB and Mbl (88, 406) . It is conceivable that PG is not truly inert but that active enzyme complexes are restricted from certain areas and thus there is a lack of turnover in those areas.
Is Inert PG Involved in Branching?
Some mutations cause bacteria to form branches (170, 231, 299, 303) , a phenomenon also seen in mycobacteria (121, 154) . Depletion of a PG hydrolase in M. smegmatis results in long, branched chains of cells (182) . In E. coli, PG at the tips of these branches is inert, similar to that of the original poles (106) . The current model is that inert PG is inappropriately inserted into the side walls of mutant strains of bacteria, resulting in the inert patch being pushed out and eventually becoming another pole (106, 452) . Some bacteria branch, while others, such as B. subtilis, have not been found to branch. It remains to be seen if there are patches of inert PG in mycobacteria similar to those seen in E. coli (105) .
What Is the Role of the Cytoskeleton in Shape?
In eukaryotes, cytoskeletal proteins play a critical role in cell shape. This may also be true in bacteria, where recently discovered cytoskeleton-like proteins have been shown to be involved in DNA segregation, cell polarity, sporulation, and shape determination (Table 2) .
Tubulin. The first cytoskeleton protein discovered in bacteria was the tubulin-like protein FtsZ, depletion of which from bacteria resulted in long filamentous cells (248) . FtsZ was found to hydrolyze GTP (95, 293, 342) , assemble into filaments in vitro (49, 294) , and form a ring structure at the midcell in bacteria (34) . Recent evidence suggests that FtsZ also forms dynamic helices in bacteria (403) . The ring formed by FtsZ (Z ring) involves the highly ordered recruitment of both structural and enzymatic proteins involved in PG synthesis and thus formation of the septum (263) . This recruitment has been suggested to be a determinant of cell width and thus of the shape of the cell (55) . FtsZ might also direct the synthesis and local- VOL. 72, 2008 MYCOBACTERIAL GROWTH AND CELL DIVISION 133 ization of patches of inert, or stable, PG that give rise to specific morphologies (452) . Thus, FtsZ guides the synthesis of septal PG and does this through the recruitment of membrane proteins that stabilize and bridge the interaction with periplasmic PG-synthesizing enzymes. PBP 3 and FtsW might be part of a septum-specific complex (48, 275) . In M. tuberculosis, proteins FtsZ and FtsW have been shown to directly interact, an association mediated through cytoplasmic tails found uniquely in mycobacteria (92) , suggesting that, in this genus, FtsW might play an important role. Intermediate filaments. Recently, the first intermediate filament-like protein, CreS, was discovered in Caulobacter crescentus (6) . This protein is localized to the inside curve of the crescent-shaped bacterium and plays a major role in determining the specialized shape (6) . There is no evidence for the presence of intermediate filaments in mycobacteria.
Actin. Recently, much attention has been focused on the actin-like cytoskeletal proteins, including MreB (cell shape) (203) , ParM (DNA partitioning) (142, 143) , and MamK (organelle positioning) (221) . MreB forms microfilament-like helical strands in vitro (419) and helical coils along the bacterial inner cell membrane (133, 203, 376, 390) . Mbl and MreBH have been shown to be important for rod shape in B. subtilis (59, 88) , theoretically directing the incorporation of PG along the lateral wall by recruiting PG-synthesizing enzymes. The recruitment of PG enzymes by MreB homologues has been shown in B. subtilis, where localization of the hydrolytic enzyme LytE was shown to be dependent on MreBH (59) . How would the cytosolic MreB guide the periplasmic PG-synthesizing enzymes? It may be that, similar to the case for FtsZ, this recruitment of PG enzymes is mediated through transmembrane bridging proteins (55, 110) . Most of the coccoid-shaped bacteria, such as Streptococcus, Staphylococcus, and Lactococcus spp., lack MreB family proteins, suggesting that these proteins are particularly important for bacteria with more complex shapes (203) .
The MreB family of proteins are conspicuously absent from the rod-shaped actinomycetes, except for those species that generate spores through aerial hyphae (269) . Streptomyces coelicolor encodes two orthologues of MreB. While formation of normal aerial hyphae and mature spores required the presence of MreB, vegetative growth was not affected in an MreB null mutant (269) . The same is true for S. coelicolor FtsZ, which can be deleted without an effect on vegetative growth, but irregular aerial hyphae and immature spores result (164) . S. coelicolor is unusual in that FtsZ and MreB are not essential for viability (164, 269, 270) . The similar phenotypes in strains lacking either MreB or FtsZ suggest that these cytoskeletal proteins are in a similar cooperative pathway, coordinating PG synthesis in S. coelicolor and possibly other bacteria.
Why Do Mycobacteria Grow at the Tips?
S. coelicolor has been shown to grow at the hyphal tips, which are generated by branching or germ tube emergence (135, 165, 369) and thus are different than those resulting from the separation of daughter cells during cell division. Similarly, staining of nascent PG suggests that several species of mycobacteria and Corynebacterium glutamicum might grow at the tips, rather than through lateral-wall extension (88, 404) . When mycobacteria were stained with Van-Fl to localize nascent PG, staining was seen at the tips and septa of bacteria. Because most other rod-shaped bacteria encode MreB proteins and show helical staining of nascent PG, researchers theorized that cytoskeletal scaffolds that would normally guide lateral-wall extension are missing in many of the actinomycetes. Thus, the PG-synthesizing enzymes are not recruited to the lateral walls to make nascent PG and end up at the poles by default (88, 404) . If the localization of PG-synthesizing proteins in mycobacteria is truly a passive event, proteins would most likely appear diffuse, throughout the cell. Instead, similar to their recruitment to the septum by FtsZ during division, these proteins may be retained by FtsZ at the poles during elongation. Finally, the DivIVA protein (discussed below in detail) localizes to the tips of S. coelicolor and plays a role in directing growth at the tips (135) . Mycobacteria also encode a DivIVA homologue that could be involved in guiding tip-oriented growth.
What About Inert PG at the Tips?
Why are the poles actively growing in mycobacteria, while they are inert in other bacteria (Fig. 3) ? It has been suggested that FtsZ may guide synthesis of inert PG at the septum that then remains at the poles after division (105) . This theory conflicts with observations that mycobacteria actively grow from their tips. A possible unifying theory is that PG-synthesizing enzymes are inactive unless in a complex that has been recruited by a cytoskeletal scaffold, such as FtsZ (or MreB in some bacteria). In a genetic background with both scaffold proteins, the activity of PG synthesis complexes will alternate between MreB (elongation) and FtsZ (division), depending on other regulatory factors. However, in mycobacteria, FtsZ does not need to compete with MreB. The FtsZ complex has a lower rate of disassembly (445) , which may allow it to remain assembled after separation of daughter cells. Since there is no MreB to competitively recruit away proteins for elongation, PG con- One theory of what governs cell width, mentioned above, is that the bacteria place inert PG at the poles such that the poles are functionally capped and prevented from expanding. Thus, the bacterium can extend along the sides while maintaining a constant width. What about bacteria that grow from the tips? If the only growth is at the poles, what maintains width? Perhaps the functionally inert lateral walls now guide the width of the bacterium.
Alternatively, there may be actin-like proteins encoded by mycobacteria that have not yet been described, due to a lack of sequence homology. This would not be surprising, considering the paltry homology between actin and MreB (15%) or tubulin and FtsZ (17%) (57) . Also, it remains to be conclusively demonstrated that mycobacteria grow exclusively at their poles and septa. Whether there is an anomaly to be explained or a novel actin-like protein to be described, there remain exciting findings to be discovered regarding mycobacterial growth and shape determination.
What Is Different about Mycobacterial Growth?
In summary, in many bacteria PG maintains bacterial shape and PG-synthesizing enzymes determine where nascent PG is inserted. Recent evidence suggests that cytoskeletal-like proteins recruit or guide the PG-synthesizing enzymes, determining the location of PG expansion and thus determining shape. The facts that mycobacteria appear to lack actin-like homologues and that mycobacteria grow at their tips imply that perhaps the tubulin-like FtsZ protein controls both expansion and septation. The idea that FtsZ-generated inert PG exists and plays a role in determining shape is intriguing, yet it conflicts with current theories of mycobacterial growth and will need further experimentation. It will be interesting to see if there is a difference between septal and lateral PG and what determines that difference. Finally, growth from the tips results in a confined, small region from which to expand and elongate the cell compared to the large area along the lateral walls. Does this spatially restricted expansion also restrict elongation rates? Also, what about polarly located proteins? Does polar growth mean that polar proteins constantly relocate? It seems more likely that growth would occur near the tips, where the lateral wall begins to curve, but not immediately at the tips.
BACTERIAL CELL DIVISION What Is the Order of Events in Cell Division?
At the most basic level, cell division involves segregating replicated DNA and dividing the cytoplasmic material in such a manner as to generate progeny with identical genetic material. To do this, bacteria must coordinate events spatially and temporally. That is, they must constantly decide where and when to divide and then coordinate those decisions (322) .
After replication has begun, but before the chromosomes are completely partitioned, the divisome will assemble at midcell, assist in the final separation of DNA, synthesize PG de novo, constrict, and finally digest the layer of PG separating daughter cells, releasing two new cells. There are often multiple, complementary mechanisms in place to prevent assembly of the divisome too early or in the same location as the chromosome. It is critical that segregation and septation are tightly coordinated, since once the septum is completely formed, there is no chance to fix mistakes. While much has been elucidated regarding assembly of the divisome, the functions of many individual proteins have yet to be determined. In addition, the process of constriction and where the force for this process originates are still unknown. In mycobacteria, only a few division proteins have been studied, with the majority of work having been done with FtsZ. There are similarities and anomalies yet to be worked out.
How Does the Chromosome Replicate?
DNA replication and chromosomal segregation in E. coli have been thoroughly reviewed by Bartosik and Jagura-Burdzy (17) . The basic mechanisms appear to be similar for mycobacteria. Replication begins at a specific stage of the cell cycle, stage C, which then progresses to cell division at stage D and then through stage G 1 , which encompasses the time after cell division to DNA replication (180) . Typically, the majority of bacterial DNA is contained within a single, circular chromosome, while the remainder exists in small plasmids. However, Streptomyces spp. contain one large linear chromosome (135) .
The general steps of chromosomal replication occur as follows.
(i) The initiator protein, DnaA, binds to a defined site on the chromosome, known as oriC (251, 277) . Conditional depletion of DnaA in M. smegmatis blocks cell division, while overexpression yields a loss of synchrony between DNA replication and division and thus multinucleoidal cells (166) .
(ii) Histone-like proteins such as HU and integration host factor help unwind the DNA (238) .
(iii) DnaC delivers DnaB, a helicase, to the unwound DNA (442) .
(iv) DnaG, a primase, forms the initial primer (354) and has been shown to be essential in M. smegmatis even though it resides in a different locus than in other bacteria (216) .
(v) The replication machinery is sequentially loaded onto the unwound DNA, including the DNA polymerase holoenzyme, Pol III (13) .
(vi) Replication proceeds bidirectionally from oriC, with two replication forks traveling in opposite directions. The replisomes are thought to be anchored near the cell center, with the DNA passing through the machinery (23, (234) (235) (236) .
(vii) The replication machinery arrives at the termination sequence, ter (430) , directly opposite oriC, or halfway around the chromosome, and the machinery disassembles.
(viii) The replicated chromosomes are often linked and must be resolved prior to complete partitioning. In E. coli, this is usually accomplished by topoisomerase IV decatenating the DNA (210) . FtsK, or SpoIIIE in B. subtilis, binds topoisomerase IV and assists in decatenation (129 (40) .
What Segregates the Chromosome?
Besides being replicated, the chromosome also needs to be separated into the two developing daughter cells. This process of chromosome segregation occurs concomitantly with replication, beginning soon after replication initiates. The new and old oriC regions of DNA are each rapidly moved to opposite poles, with the remaining DNA following, once replicated (161, 448) . While some of the genes involved in chromosome segregation are known, the overall mechanism of DNA movement during cell division is not yet understood (57) . There are multiple models for the generation of force needed to move the chromosome to the poles (120, 160, (234) (235) (236) 363) .
While E. coli uses MreB, other bacteria have had to devise different solutions. For example, in S. coelicolor, the ParA/ ParB system is involved in segregation of its linear chromosome (215) . Mycobacteria encode the ParA/ParB homologues and thus may use this system to segregate replicating chromosomes to the poles.
Additionally, FtsK, which is targeted to FtsZ and the divisome by its N terminus (457) , may use its cytoplasmic C-terminal Walker-type ATP-binding sites (126) to help translocate any residual DNA out of the septum to avoid dividing across unseparated DNA (7). The FtsK orthologue in B. subtilis, SpoIIIE, has been shown to translocate the replicated chromosome into newly forming spores (373, 374, 449) .
What Are the Divisome Components,
and How Do They Assemble?
Once the chromosomes have begun to be partitioned, the divisome begins assembling at the middle of the cell. The divisome consists of a set of 10 to 15 proteins that are recruited to the middle of the cell and are responsible for generating the septum that divides two daughter cells (Table 3) . This is accomplished by synthesizing septal PG, constricting the cell wall to eventually close off the cytoplasmic compartments of each daughter cell, and finally hydrolyzing part of the PG that holds the two together in order to physically separate the cells. While assembly of this divisome has been thought to be strictly linear and hierarchical in E. coli (54), compared to a process of multiple proteins assembling at once in B. subtilis (128) , recent evidence has blurred the distinction (53, 79, 109, (149) (150) (151) 209) . In fact, of the 10 or so proteins essential for assembly, all of them interact with at least one other divisome component (109, 209, 424, 425) . Because of the newly appreciated similarity between these two model species, this review will use E. coli for reference and mention differences that occur between other species, with special attention to the actinomycetes.
The tubulin-like protein FtsZ is the first protein known to assemble at midcell (34) . Its formation of a ring around the cell, just under the plasma membrane, gives the assembled divisome the name Z ring. At least one of the two membraneassociated proteins ZipA (ZapA in B. subtilis) and FtsA (actin like) is required for proper assembly (173, 339) . This "protoring" associates with the large multifunctional membrane protein, FtsK (SpoIIIE in B. subtilis), which is involved in Z-ring stability as well as DNA segregation (35) . Next, the members of a tripartite complex of integral membrane proteins, FtsQ, FtsB, and FtsL, are thought to first associate with each other and then assemble into the Z ring (53, 89, 150, 349, 380, 381) . These proteins likely help bridge the cytoplasmic components with the periplasmic components (53, 424) . Next, the periplasmic proteins FtsW (believed to transport PG precursors) and FtsI (septation-specific transpeptidase) assemble, possibly as a complex, and are thought to be critical for synthesis of the septal PG (188). Finally, FtsN, which has weak homology to an amidase (128) and binds PG (418), assembles (425) . Besides these 10 proteins that are essential for a functional Z ring in E. coli, a number of other proteins localize to the septum and play various roles. The PG-degrading enzymes AmiC (amidase) and EnvC (endopeptidase) as well as other hydrolytic enzymes are recruited late to the septum to degrade septal PG and allow separation of daughter cells (24, 26) . FtsE and FtsX belong to the ABC transporter family (98, 416) and are essential under conditions of high osmolarity (344), though they may play a role in assembly of the Z ring instead of transport (425) . FtsE was found to localize to the membrane of M. tuberculosis; bound ATP in vitro; and, when coexpressed with FtsX, complemented an E. coli FtsE mutant (282) . While not exclusive to cell division, the bifunctional PG-synthesizing enzymes PBP 1a and PBP 1b are important for septal PG synthesis (189) .
What Is Missing in Actinomycetes?
The FtsZ-stabilizing proteins FtsA and ZipA were both thought to be absent from mycobacteria, though recent work identified two potential orthologues of ZipA in mycobacteria (386) ( Table 3) . In other bacteria, these proteins are thought to associate with both the membrane and FtsZ, helping to guide and stabilize polymerization (173, 304, 317, 339) . In mycobacteria, FtsW localizes to the septum (329) and interacts with FtsZ through unique cytoplasmic tails (92) . Furthermore, a mutant version of FtsZ, lacking these unique C-terminal residues required for interaction with FtsW, was not able to complement an FtsZ depletion strain, suggesting the importance for this interaction (329) , although deletion of these residues could also have unintentional effects. It is possible that the interaction between FtsZ and FtsW is able to compensate for the lack of other FtsZ-stabilizing proteins. However, FtsW, unlike ZipA and FtsA, is recruited late to the septum (329) . Therefore, it is unlikely that FtsW is able to stabilize the early formation of the Z ring. Interestingly, transcriptional profiling of M. tuberculosis treated with FtsZ inhibitors revealed several putative orthologues of E. coli cell division proteins: ZipA-like Rv2345 and Rv3835, originally annotated as conserved hypothetical proteins; MinD-like Rv1708, a putative initiation inhibitory protein; and Rv3660c, a putative septum site-determining protein (386) . The function of these has yet to be confirmed.
FtsW has also been shown to interact with the transpeptidase protein FtsI in mycobacteria through two extracytoplasmic loops that are conserved across species of bacteria (93) , suggesting the possibility that this interaction occurs in other bacteria. Depletion of FtsW in M. smegmatis results in a blockage of septation and inhibition of localization of FtsI to the midcell (93) . FtsW may bridge FtsZ and FtsI, since the interaction between FtsW and FtsZ strengthens the interaction between FtsW and FtsI. They may form a ternary complex that likely regulates septal PG synthesis and Z-ring formation through stabilizing assembly in the absence of ZipA or FtsA (93) .
The actinomycete C. glutamicum also lacks FtsA and MreB actin-like homologues important for shape determination. A 4-fold decrease in FtsZ was found to result in aberrant cells with buds, branches, and knots, but no filaments, while a 20-fold decrease yielded large, club-shaped cells (333) . Promoter analysis of the M. tuberculosis ftsZ allele revealed up to six promoters, indicating a high level of transcriptional regulation available as well as the possible need for elevated basal levels of FtsZ in mycobacteria (355) . Overexpression of FtsZ in M. smegmatis and M. tuberculosis interferes with cell division, with a 6-fold excess resulting in longer cells with multiple septa and a 20-fold excess yielding filaments without septa (121) .
It is unclear what role actin-like proteins play in cell division. MreB condenses to the septum during cell division in an FtsZindependent process in B. subtilis (57) (58) (59) and in an FtsZdependent process in C. crescentus (133, 147) . This may signal a switch from lateral wall PG synthesis to synthesis of septal PG. Lacking MreB-like proteins and growing from the poles, mycobacteria may have only one complex for PG synthesis and thus would not require such a switch.
What Are the Negative Regulators of FtsZ Assembly?
Transcription of FtsZ has been shown to be temporally regulated in E. coli and mycobacteria (144) , yet an excess of the cytosolic FtsZ is often present in bacteria without polymerization of FtsZ (351) . Thus, transcriptional regulation alone is unlikely to temporally regulate Z-ring assembly. This may be different for C. crescentus, where FtsA and FtsQ have been shown to be specifically synthesized when required for assembly and then rapidly degraded when no longer needed (266) . There are several negative regulatory systems described thus far ( Table 4 ) that ensure that Z-ring assembly is neither at the poles, where unequal partitioning of DNA would occur, or on top of nucleoids, where chromosomes would be decapitated (340, 341) .
Min system. The first discovered ftsZ regulatory system is named for the minicells, or cells without nucleoids, generated by a group of mutants (96, 345) . E. coli encodes three proteins that work together, MinCDE. MinC inhibits FtsZ assembly and has been found to oscillate from pole to pole (193, 335, 336) . MinC binds to MinD, an ATPase that tethers MinC to the polar membrane when bound to ATP (192, 194) . MinE forms a ring that oscillates toward one pole and then to the other (337) . It effectively sweeps the MinCD complex from one pole to the other by activating the ATPase of MinD, thereby causing MinD to hydrolyze ATP and thus release from the polar membrane (249, 462) . The net result from this negative regulator oscillating from pole to pole is a gradient of inhibi- tion that is highest at the poles and least at the midcell (335, 336) . Thus, the Min system directs the assembly of the divisome away from the poles, avoiding production of nonfunctional minicells. It has recently been appreciated that the FtsZ molecules that are not assembled into a ring form a helical pattern that may oscillate in a Min-dependent manner that is independent of MreB (403). Similarly, Min proteins form helical patterns that oscillate between poles (376). B. subtilis lacks MinE but encodes DivIVA instead, which tethers MinCD complexes to each pole, rather than oscillating back and forth (265) . B. subtilis also uses DivIVA to localize or attach the oriC to the poles during sporulation (127, 405) . While many bacteria encode the Min system, mycobacteria, streptomyces, and C. crescentus do not have orthologues of MinC or MinD (though recently MinD-like proteins have been suggested to exist in mycobacteria [386] ). Mycobacteria and streptomyces encode orthologues of DivIVA, likely the essential Ag84 in mycobacteria, encoded by wag31 (181, 361) . In S. coelicolor, DivIVA is essential for hyphal tip growth (134) . Depletion results in irregular hyphae and branching, while overexpression gives rise to many new sites of PG synthesis and hyperbranching (134) . DivIVA localizes to the tips and lateral branches of S. coelicolor (134) .
As mentioned, both streptomyces and mycobacteria are thought to synthesize PG de novo at the tips (165, 278, 404) . For streptomyces, cell division generates new poles, but unlike in mycobacteria, these poles do not elongate. Instead, new branches form in the lateral wall and extension occurs from these sites (134) . This polar growth requires targeting of cell wall synthesis material and machinery to the tips, rather than localizing them along the lateral wall, as in other bacteria. It appears that DivIVA functions differently in streptomyces, and possibly mycobacteria, than in B. subtilis. It may play a role in determining cell polarity necessary for growth at the tips, providing scaffolding or cytoskeletal functions at the pole in the absence of other known cytoskeletal elements, or suppressing other branch formation during growth at the existing tips (134) .
Nucleoid occlusion. Some bacteria also utilize a negative regulator of FtsZ assembly known as nucleoid occlusion. Specific proteins that are able to inhibit FtsZ assembly appear to bind to the nucleoid and thus prevent assembly of a functional divisome over a nucleoid (25, 450, 456) . In E. coli SlmA and in B. subtilis Noc have been shown to prevent such guillotining of nucleoids. This system not only determines spatially where FtsZ (25, 450) will assemble (not over nucleoids) but also coordinates temporally when FtsZ will assemble, since the midcell is relatively free of nucleoids only after much of the DNA has been replicated and segregated (100).
Nucleoid occlusion is not seen in S. coelicolor and C. glutamicum during divisome assembly (164, 333, 369) . Using fluorescence microscopy, the images seem to show overlapping nucleoid staining and FtsZ-green fluorescent protein (GFP) fluorescence; however, it could be that the resolution of such imaging is unable to detect the initiation of chromosome partitioning that may have already begun in the bacteria. Guillotining of the chromosome can result in termination of the bacterium. Therefore, it is likely that some mechanism of nucleoid occlusion occurs in all bacteria. That being said, sporulating B. subtilis begins generating a spore septum and then translocates the chromosome into the spore prior to comple- (449) . It is possible that the spore-forming streptomyces also do this, although the generation of spores in aerial hyphae is quite different, since multiple septa are generated at once along a long hyphal branch (135, 369) . It is also possible that mycobacteria use FtsK to accommodate for early formation of septa due to lack of inhibition of FtsZ assembly, but this has not been shown. C. crescentus lacks nucleoid-free zones until chromosome segregation, thus negating the need for the Min system (264, 325) . It is unclear whether mycobacteria have a similar strategy to avoid forming minicells, since they too lack the complete Min system.
How Does FtsZ Constrict?
As division proceeds, the Z ring constricts in such a manner so as to be at the leading edge of the septum. During constriction of E. coli cells, the septal PG is degraded concurrently with invagination of the cell membrane, such that the bacteria appear to pinch at the site of division. In mycobacteria and other gram-positive bacteria, invagination is not visible with the constriction of the plasma membrane. The generation of a septum is completed first, sealing off daughter cells, and then at some later time PG hydrolases digest part of the septal PG, releasing the two daughter cells (139) . It seems reasonable that invagination is visible in gram-negative bacteria, as septal PG must be hydrolyzed simultaneously with the pinching of the outer membrane. In gram-positive bacteria, there is not an outer membrane that needs to be constricted in concert with the inner membrane. Thus, the inner plasma membrane can constrict with the Z ring and form intact separate membranes for each daughter cell without the need for hydrolysis of PG. Furthermore, the PG layer of gram-positive bacteria is considerably thicker than that of gramnegative bacteria, likely requiring more hydrolysis and possibly more time to hydrolyze. Mycobacteria have a unique division morphology, which will be discussed below.
It is unclear what generates the force necessary for the Z ring to constrict (128) . It could be an active process, with the force generated directly by FtsZ. Perhaps sufficient force could be generated through the sliding of FtsZ filaments past each other in a ratcheting process (357, 443) . Alternatively, constriction could be a passive process, with the synthesis of septal PG pushing together the narrowing ring. This seems unlikely, due to the ability of bacteria lacking PG to also constrict during cell division, but the production of a different cell wall material in these organisms may suffice. It is also possible that the ring shrinks due to a net loss of FtsZ molecules, facilitated by a rapid turnover of FtsZ (396, 403) . This mechanism would be similar to that seen with eukaryotic dynamins, large GTPases that have many functions, including organelle division in eukaryotes (323) . At this point, the source of force required for constriction as well as the overall process of constriction is poorly understood.
How Does FtsZ Polymerize, and Why Is Mycobacterial FtsZ So Slow?
FtsZ contains variable regions of unspecified function in the N terminus and a spacer sequence just before the C terminus. The C terminus has been shown to interact with other proteins, such as ZipA, FtsA, and FtsW (92, 173, 339) . The core of FtsZ, between the N terminus and the variable region, is required for binding and hydrolyzing GTP as well as assembling the protofilament (95) . FtsZ first binds GTP and then assembles head to tail in a linear manner (294) , with GTP stabilizing the FtsZ polymer (443) . These filaments then form bundles or sheets, unlike eukaryotic microtubule formation (125, 246, 455) . Hydrolysis of GTP results in depolymerization and is thought to be the rate-limiting step for the cycle of FtsZ assembly and disassembly in the Z ring (443) . The ring formed by FtsZ is highly dynamic, with FtsZ rapidly cycling on and off the ring in E. coli and B. subtilis (4) . Maintaining assembly of the ring requires energy, as evident by the rapid depolymerization of FtsZ when ATP is depleted from the cell (356) . This rapid turnover, or flux, of FtsZ may not be important for division, since a GTPase-defective mutant (FtsZ84) E. coli strain showed much slower turnover yet normal division at 30°C (316) .
The M. tuberculosis FtsZ (FtsZ TB ) protein has been crystallized (240, 241) and shown to have slow GTP-dependent polymerization as well as weak GTPase activity compared to other bacteria (49, 445) . Furthermore, polymers of FtsZ TB were found to be very stable (445) . Two FtsZ TB point mutants have been generated and tested in vitro and in vivo (328) . A mutant affected in GTP binding was found to be defective for GTP hydrolysis in vitro and polymerization both in vitro and in vivo. A mutant with the GTPase activity abolished was found to have normal GTP binding and diminished polymerization in vitro yet could associate with the Z ring in vivo (328) .
In an attempt to explain why FtsZ TB has a 20-fold-lower rate of polymerization than FtsZ in E. coli, researchers found that a mutant FtsZ TB protein missing the C-terminal 169 residues, retaining the first 210 residues, formed long polymers at a rate similar to that of E. coli (3) . They theorized that the C terminus of FtsZ TB may inhibit polymerization, imposing a lower rate. Others responded to this result with concern that the mutant protein and its fast polymerization would not be physiologically relevant, since the C terminus is known to interact with other Z-ring proteins (45) . They also worried that the polymerization seen in vitro could be aggregation and that the mutant might lack GTPase activity (45) . The in vitro concerns were addressed when it was shown that the mutant FtsZ TB polymer was not an aggregate and retained GTPase activity (171) . However, though not the stated aim of the authors (171), the argument that this is not physiologically relevant still stands. In fact, alanine replacement of a mere four aspartic acid residues in the C terminus, which were shown to be important for interaction with FtsW (92), resulted in a mutant FtsZ TB that was unable to yield viable bacteria when it was the sole source of FtsZ (329), even though this mutant was able to polymerize at wild-type rates in vitro and localize to the Z ring.
FtsZ is essential in mycobacteria (41, 122, 124) . M. smegmatis expressing wild-type FtsZ TB is viable, while strains expressing either of the above-mentioned mutations as the only source of FtsZ TB are nonviable (328) . This is in contrast to findings for E. coli that strains with corresponding mutations in FtsZ were viable (33, 247, 295, 394) . The findings for E. coli were interpreted to mean that wild-type levels of GTP binding and hydrolysis were not required for viability in E. coli (247, 295, 328, 394) . Using the same logic for mycobacteria, the slow polymerization and GTP hydrolysis of wild-type FtsZ TB in vitro may VOL. 72, 2008 MYCOBACTERIAL GROWTH AND CELL DIVISION 139 on February 21, 2013 by PENN STATE UNIV http://mmbr.asm.org/ accurately approximate the rates in vivo for mycobacteria, with any further reduction in activity resulting in nonviability.
Is Growth Rate Related to Mycobacterial Pathogenesis?
16S RNA sequences divide mycobacteria into two taxonomic groups. Interestingly, these two sets of bacteria have markedly different growth rates (392) . Fast-growing mycobacteria, a group that includes largely saprophytic organisms, generally form colonies within 7 days. Most of the pathogenic mycobacteria are slow growers, including M. tuberculosis, M. leprae, M. bovis, and M. avium, taking from weeks to months to form colonies.
This observation has led some researchers to hypothesize a possible causal link between growth rate and virulence. It is difficult to test this theory, since many of the known variables affecting growth rate also affect known mechanisms of virulence. For instance, researchers grew BCG in fast-and slowgrowth conditions and then measured transcript levels under each condition (28) , and they found an association between slow growth and induction of the dormancy survival regulon, which overlaps with a similar response by M. tuberculosis grown in macrophages. However, the conditions used to vary the growth rate included low carbon levels in the medium, which is already known to affect the dormancy regulon. Genetic modifications of strains or changes in the growth conditions will likely result in a variety of bacterial responses, thus confounding any conclusions.
Currently, it is not known which, if any, genes specifically limit the rate of growth of pathogenic mycobacteria. However, it is unlikely that a single gene will be found to control growth rate, since signaling and metabolic pathways are so interconnected that many of the components of a pathway likely have kinetics matched to cellular growth to prevent a buildup of unnecessary products and substrates in a pathway. Thus, mutations in these growth-regulatory genes would likely produce pleiotropic effects, and it would be difficult to disentangle changes in metabolism from alteration in virulence. For now, the relationship between growth rate and virulence will remain indirect, though intriguing.
What Hydrolyzes the Septal PG?
Once the septum is formed (or while it is forming, depending on the bacterium), a portion of the PG connecting the two daughter cells must be removed. This process is accomplished by several PG hydrolases with overlapping functions. For instance, in E. coli, there are 18 known hydrolases with clear redundancy. Given this large number, it has proven to be difficult to assign distinct functions to individual proteins (102) . It is thought that most of the known hydrolases are involved in septum cleavage during division (177, 178, 187, 189) .
Few hydrolases in mycobacteria have been characterized. The first characterized cell wall hydrolase of M. tuberculosis, known as CwlM, has been shown to hydrolyze PG substrates but awaits further analysis (101) . A bicistronic operon encoding two predicted PG hydrolases was shown to be essential in M. marinum for virulence in zebra fish and invasion of macrophages (141) . These proteins contain a C-terminal predicted endopeptidase domain that shares homology with the Listeria monocytogenes p60 protein, which has been shown to hydrolyze cell wall material and to be important for separating daughter cells. On the basis of sequence homology, p60 is predicted to encode an LD-endopeptidase able to hydrolyze D-glutamylmeso-DAP (43) . The p60 domain is part of an NLPC-p60 family as well as the CHAP domain family (18) , a family of PG hydrolases that contain two invariant cysteine and histidine residues. Strains of Listeria with mutations in p60 were also found to be deficient for invasion of macrophages, likely due to a growth defect and an inability to recruit actin (318) . M. tuberculosis has a similar operon (Rv1477 and Rv1478), of which Rv1477 has been shown to be a cell wall hydrolase (183) and is essential for vegetative growth (361) . The Rv1477 orthologue in M. smegmatis is also essential for growth, where depletion results in large chains of highly branched cells (182) .
Rv2719c of M. tuberculosis has been shown to be a cell wall hydrolase that localizes to Van-Fl labeling of nascent PG (71). Rv2719c is highly induced in response to DNA-damaging agents and blocks cell division when overexpressed (71) . It has weak homology to YneA of B. subtilis, which is an inhibitor of cell division that is induced upon DNA damage (211). Rv2719c does not inhibit FtsZ polymerization in vitro, but it may indirectly inhibit FtsZ polymerization in vivo (71) .
What Is the V-Snapping Process of Dividing Mycobacteria?
Mycobacteria are known to form a V shape during the late stages of cell division (397) , as shown more recently in outstanding micrographs (85) . These V-shaped bacteria were found to have nascent PG deposited at the poles and the exterior side of the V (404) . However, these sites may be more accessible to the Van-Fl stain used to probe for nascent PG and thus could be misleading. The final stage of mycobacterial cell division is referred to as snapping, since the cells form V shapes that then break into two daughter cells (Fig. 4) . What causes this unusual morphology during division? It is thought that the plasma membrane and PG form the septa during Z-ring constriction, but the thick layers of AG and MA and other lipids remain intact during this stage. When the cell divides by hydrolyzing the PG linking the daughter cells together, the outer layers are still intertwined. The V-shaped splitting of cells results from an uneven snapping, or rupturing, of these outer layers (397, 404) . This rupturing of outer material could also be aggravated polar growth occurring from the newly formed septum prior to completion of cell division (115) .
What Is Different about Mycobacterial Cell Division?
In summary, mycobacteria undergo the same general processes during cell division as most bacteria. However, proteins that are key to these processes in other bacteria have not been identified in mycobacteria. For instance, FtsA (and perhaps ZipA) is not present to assist in early Z-ring formation, though the FtsZ-FtsW interaction may compensate for this deficiency. Also, the MinCD system seems to be absent, though a recent report suggests a possible homologue of MinD. It has been suggested that other actinomycetes lack a functional nucleoid occlusion mechanism. Do mycobacteria also lack this system, or can CrgA or other FtsZ negative regulators not yet identified prevent occlusion? Mycobacterial FtsZ polymerizes 20-fold slower in vitro than E. coli FtsZ. Is this true in vivo? Does this slow polymerization allow FtsZ to remain at the poles after division to guide the unusual polar growth reported for mycobacteria? Understanding these fundamental questions may help us understand more complex processes such as pathogenesis and virulence.
REGULATION OF BACTERIAL GROWTH AND DIVISION
The mechanisms of eukaryotic cell cycle regulation are well described, yet bacterial cell cycle regulation remains poorly understood. This section will cover regulation of growth and division by serine/threonine protein kinases (STPKs) and WhiB proteins. Regulation of growth and division under specific conditions, such as nutrient stress, will be left for the following section.
What Are STPKs, and How Do They Work?
The reversible phosphorylation of proteins is an important mechanism for many organisms to receive and transfer signals from the environment (207) . Once thought to exist primarily in eukaryotes, new bacterial protein kinases have been revealed with each genome sequenced. One of the most common kinase types found in mycobacteria is the STPKs (9, 237) . It is clear that STPKs are sensors of environmental signals that regulate host-pathogen interactions and developmental changes (298), yet there is limited understanding of mycobacterial STPKs. M. tuberculosis encodes 11 Ser/Thr kinases, PknA to -L (Table 5 ) (9), all of which are from the PKN2 family (76) and three of which, PknA, PknB, and PknG, are thought to be essential (132, 361) .
STPKs generally phosphorylate proteins containing forkhead-associated (FHA) domains. FHA domains mediate protein-protein interactions through recognition of phosphorylated threonine residues and often act as mediators of proteinprotein interactions in STPK signal transduction (119) . Most of the Pkn proteins also catalyze autophosphorylation and therefore are active without sensor domains (10, 61, 159, 225, 284, 285) . Besides PknG and PknK, which are soluble proteins, all other STPKs of M. tuberculosis are predicted to be transmembrane, receptor-like proteins (76).
PknA and PknB. While M. tuberculosis has 11 STPKs, Streptococcus pneumoniae and B. subtilis have only one or two STPKs, respectively, and both are most similar to PknB (207) . The structure of PknB was the first STPK structure of mycobacteria to be solved and was found to be similar to those of eukaryotic STPKs (306, 454) . PknB has three to six autophosphorylation sites (42, 306, 454) .
Both PknA and PknB have recently been shown to be involved in regulation of cell shape (207) . These two kinases reside in an operon (Rv0014c-Rv0018c) that is conserved across mycobacteria and includes PstP, the cognate phosphatase of PknA and PknB (42, 73) ; RodA, involved in cell shape; and PBPA, a PG-synthesizing enzyme. While overexpression of the kinases resulted in slow growth and altered, bulbous shapes, depletion yielded narrow, elongated cells (207) . These changes in morphology and the observation that the kinases are more highly expressed during exponential growth than in stationary phase suggest a role for the kinases in regulating active growth and shape determination (207) . The authors identified the preferred (S/T)Q substrate for PknA and PknB using an in vitro peptide library screen and then used a phospho-(S/T)Q antibody to probe for in vivo substrates when either kinase was overexpressed (207) . PknB, Wag31, and Rv1422 (a conserved hypothetical protein of unknown function) were identified as in vivo substrates. Overexpression of Wag31, an orthologue of B. subtilis DivIVA, resulted in altered shape (207) . This phenotype required the expressed Wag31 allele to contain the phosphoacceptor residue, confirming regulation through phosphorylation.
PknB also phosphorylates PBPA, a PG-synthesizing enzyme localized to the septum and important for cell division, since a PBPA-null M. smegmatis strain is defective for septation (90) . While the M. tuberculosis PBPA allele complements this mutant strain, a mutant allele lacking the phosphoacceptor residue is inactive (90) . PstP dephosphorylates PBPA (90), PknA, and PknB (42, 73) . These data suggest a model where PknB and PstP regulate the localization, and possibly the activity, of PBPA, thus regulating septal PG synthesis and cell division (90, 207) . PknB has also been shown to phosphorylate GarA (Rv1827), a putative regulator of glycogen accumulation during exponential-phase growth of mycobacteria (21) .
PknB has an extracellular sensor domain, with four slightly different PBP-and Ser/Thr kinase-associated (PASTA) domains (202) . PASTA domains have a low affinity for penicillin and normally bind different PG stem peptides on un-crosslinked PG. Different PASTA domains can recognize slight changes in the stem peptide (202) . PknB may use these different PASTA domains to sense different unlinked PG to determine where to direct PG synthesis (202) .
The first evidence that PknA may regulate cell division came from data showing that overexpression of M. tuberculosis PknA in E. coli resulted in elongated cells (61) . PknA has been found to autophosphorylate itself (61) . Recently, the GTPase activity of FtsZ TB was shown to be impaired when phosphorylated by PknA (402) . PknA expression in E. coli phosphorylated both E. coli FtsZ and FtsZ TB , resulting in filamentous cells (402) . PknA was shown to interact with and phosphorylate FtsZ TB in vitro. Phosphorylated FtsZ TB had reduced GTPase activity and a decreased polymerization rate compared with unphosphorylated protein (402) . The ability of PknA to phosphorylate FtsZ and the subsequent decrease in the rate of polymerization reveals a potential mechanism for regulating a key player in bacterial cell division. Other STPKs. PknF and PknH phosphorylate FHA domaincontaining proteins (284, 285) . PknF has been shown to phosphorylate M. tuberculosis Rv1747, a predicted ABC transporter (83, 169, 287) . When PknF, which is absent in M. smegmatis, is overexpressed in M. smegmatis, the bacteria grow slowly and are short and swollen (103) . Furthermore, when PknF is depleted from M. tuberculosis, the cells grow more rapidly, are small, have aberrant septum formation, and have a 16-fold increase in glucose uptake (103) . Phosphorylation of ABC transporters is known to affect activity and stability (97, 190) , and thus PknF may regulate glucose uptake through phosphorylation of Rv1747. It remains to be determined whether PknF directly regulates glucose transport, possibly through regulation of the ABC transporter Rv1747, and how this is able to affect cellular growth and septation. PknH phosphorylates the OmpR-like EmbR transcription factor thought to be involved in regulating genes coding for arabinosyl transferases (285, 372) . Instead of regulating bacterial proteins, PknG modulates the response by macrophages to infection with M. tuberculosis (80, 431) .
How Are WhiB Proteins Involved in Growth Regulation?
Strains of S. coelicolor carrying a mutation in one of eight loci, now named the whiB genes, were originally found to be mutants that were white, lacking the pigment that is added to aerial hyphae before spore formation (63, 65, 191) . The WhiB family of proteins is exclusive to actinomycetes and is found in all actinomycetes sequenced (326) . Common to all WhiB proteins are four conserved cysteines, which are thought to bind iron or iron-sulfur clusters (198) , and a helix-turn-helix motif (326) . M. tuberculosis encodes seven WhiB homologues, WhiB1 to -7 (Table 5 ) (76, 388) . While the functional role of WhiB genes is poorly understood, they are thought to bind DNA and influence transcription as well as play a role in intracellular redox sensing (2, 94, 326) . WhiB3 interacts with RpoV and is important for pathogenesis within the host (393) . While WhiB3 is dispensable for in vitro and in vivo growth (393) , it is essential for survival under nutrient starvation conditions (384) . WhiB4 binds iron-sulfur clusters and is sensitive to redox changes such that it may be a sensor of oxidative stress (2). In S. coelicolor, WhiD binds iron-sulfur clusters under anaerobic conditions, similar to the case for SoxR and Fnr of E. coli (99, 198) . Addition of cell wall inhibitors (cycloserine, ethambutol, or isoniazid) to M. tuberculosis resulted in a specific increase (2-to 2.5-fold) in WhiB2, suggesting a role for WhiB2 in cell wall remodeling and cell division (145) . Furthermore, whiB2 expression is downshifted upon entering stationary phase, when there is little cell growth or division (145) .
The M. tuberculosis putative transcription factor WhiB2 has been shown to be syntenous and functionally equivalent to WhmD of M. smegmatis (327) . WhmD is also homologous to the S. coelicolor WhiB protein, which is not essential for growth but is required for proper aerial hyphae sporulation, where mutants fail to assemble Z rings and arrest without formation of septa (94) . In M. smegmatis, the gene encoding WhmD is essential, with depletion resulting in irreversible branched filaments and multiple, unevenly distributed septa within 6 to 12 hours (154). Both M. tuberculosis WhiB2 and S. coelicolor WhiB are able to complement WhmD depletion in M. smegmatis (326) . Overexpression of WhmD in M. smegmatis yielded small cells with multiple septa and significant lysis (154) . No changes in levels of FtsZ were detected in the M. smegmatis WhmD depletion strain (154) . WhmD contains conserved cysteine residues found in all WhiB homologues (326) . The fact that WhmD is sensitive to reducing agents and has iron-specific staining suggests that WhmD contains a bound iron atom and may be important for coordinating iron (326) . It is likely that the WhmD/WhiB2 protein is important for regulating genes involved in cell division, in particular, septum formation.
In streptomyces, six regulatory genes (encoding WhiA, -B, -G, -H, -I, and -J) are required for induction of the high levels of FtsZ essential for normal sporulation (64, 66) . Streptomyces grow as long hyphal filaments that do not require FtsZ to grow and have nucleoids regularly spaced along the hyphal branch.
When sporulation is triggered, large amounts of FtsZ are required to form Z rings on each side of the developing spores to guide septum formation. This process appears to involve the actin-like MreB protein as well (269) . The large number of regulators for FtsZ in streptomyces is a testament to the high levels of FtsZ required for sporulation.
In conclusion, there remain many unanswered questions about mycobacterial kinases. What are the metabolic functions they regulate? What are the protein substrates and effectors of each kinase? Are the kinases involved in switching from different stages of growth, including from dormant to active growth? WhiB2 appears to be important for regulating septum formation and cell division, but the mechanism of the regulation is unclear. Are all WhiB proteins transcription factors? If so, what genes do they individually regulate?
CELL DIVISION UNDER SPECIALIZED CONDITIONS
M. tuberculosis can survive for decades in humans as well as in hypoxic and nutrient-depleted media, yet mycobacteria do not form spores. So, what is the nature of this dormant, nonreplicating bacterium? Shockingly little is known about the physiology or mechanism of entry into and out of this dormant state, even though an estimated one-third of the world's population is infected with latent M. tuberculosis that could reactivate at some point (78) .
Tuberculosis is a complex disease, with bacteria found in several very different environmental niches within a single host. To study bacteria under each condition requires good models. No animal model, except possibly nonhuman primates, can replicate the diversity of disease seen in humans (47) . In the Cornell model, the most widely used in vivo latency model, infected mice are treated with drugs to the point of sterility. After approximately 3 months, one-third of the mice will reactivate with drug-susceptible M. tuberculosis. Variations on this model use immunosuppressive therapy, such as aminoguanidine, to enhance reactivation (364) . Other hosts, such as guinea pig and rabbit, more closely mimic human pathology (47) .
Because bacteria are relatively inaccessible during infection, many investigators have tried to develop in vitro models of dormancy. While it is clearly debatable how representative these models are of in vivo conditions, they have allowed for the dissection of transcription profiles, which would not otherwise be possible. (For excellent reviews, see references 47, 410, 427, and 429 .) The alternative sigma factors and the twocomponent systems (TCSs) are the major families of transcription regulators that are important for adaptation to in vivo conditions (176) .
How Is Entry into and Escape from the Dormant States Regulated?
TCSs. The TCSs in bacteria transfer a phosphate from the histidine residue on the autophosphorylated sensor to the aspartate residue on the response regulator to relay signals from the environment (140, 185, 252) . They are common among many different bacteria. M. tuberculosis encodes 11 sensor kinase/response regulator TCSs, as well as several orphan kinases and regulators ( (Rv3133c) and DevS (Rv3132c) in a screen for genes differentially expressed in the virulent strain (Dev) of M. tuberculosis Rv compared to the avirulent Ra strain (91), these proteins were found to be important in dormancy survival (Dos) and alternatively named DosR and DosS (44) . DosR interacts with DosS in the mycobacterial two-hybrid system (385) . In both M. tuberculosis and M. smegmatis, DosRS respond similarly to hypoxic conditions in vitro meant to simulate conditions in vivo (44, 307) . A DosR-null strain of M. tuberculosis is hypervirulent in mice, growing and killing more rapidly than the wild type (309) . These data suggest that mycobacteria may use the DosRS system to reduce growth while in the host and prepare for transition into a persistent state that does not destroy the host or bacteria (309) . Similarly, in M. smegmatis, deletion of DosR results in a strain that is specifically sensitive to hypoxia and survives stationary phase poorly (307) . Along with these findings, the protein alpha-crystallin (Acr) is repeatedly found to be upregulated in hypoxic conditions. acr (rv2031c), or hspX, encodes a heat shock chaperon protein that is also a major cell wall-associated protein during stationary phase and is one of approximately 50 genes in the DosR regulon (311, 360) .
The orphan sensor kinase DosT does not have a cognate response regulator and instead signals through the DosR protein such that both DosS and DosT utilize the same response regulator (348) . While DosS is a redox sensor, DosT is a hypoxia sensor (226) . The transcription profile of a DosR-null strain of M. tuberculosis shows that most of the genes regulated during hypoxia are dependent on DosR for induction (311) . Most of these genes induced by hypoxia have an upstream DNA consensus motif, which, in the case of acr, DosR has been shown to directly bind (311) .
The mechanism used by the sensor kinases that detect environmental changes has not been well described for TCSs. It was known that exposure to NO induced the DosR regulon in M. tuberculosis, and other data suggested that heme may play a role in sensing NO (428) . The N-terminal region of DosS has two tandem GAF domains (358) (359) (360) , which are common small-molecule-binding regulatory domains. Recently, the GAF-A domain of DosS was shown to bind heme directly (196, 360) , similar to the case for PAS domains (184) . These data suggest a model where DosS is inactivated when oxygen is bound to the DosS heme group but becomes active in hypoxic conditions, in the absence of oxygen. Furthermore, NO binds heme but inhibits DosS approximately 50-fold less than oxygen (118, 409) . When a macrophage is activated by the immune response and generates large amounts of NO, the NO competes off the oxygen from heme, effectively activating DosS, which explains the findings that DosRS responds similarly to both hypoxic and increased-NO conditions (360) . While still speculative, this model dovetails with the current findings on the DosRS mechanism. Other stresses besides hypoxia and NO induce DosR, including ethanol, H 2 O 2 , and 30 minutes of standing culture (213) . The mechanism of these inductions has not been elucidated.
Other TCSs. The MtrAB system is required for proliferation in macrophages (460) , but the mechanism is unknown. Overexpression of MtrA has no effect in vitro but results in decreased growth in vivo, likely due to impaired blockage of the phagosome maturation. DnaA, a key DNA replication protein, is upregulated upon overexpression of MtrA (138) . Similarly, MtrA has been shown to bind the promoter of dnaA in vivo (138) . MprAB, another TCS, is also required for in vivo growth, particularly during the persistent stage (459) ; this is possibly because of its response to stress through regulating stress-responsive determinants, including the sigma factors sigB and sigE (176) . Likewise, MprAB is induced in nutrient starvation conditions that are thought to simulate in vivo conditions (29) . Finally, disruption of the TCS PhoPR attenuates M. tuberculosis for growth in vivo and has been implicated in regulating production of complex cell wall lipids (155, 432) . It is worth noting that the products of STPKs (phosphorylated Ser, Thr, and Tyr) are much more stable than the product of TCSs (phosphorylated Asp) (378, 379) . This stability means that STPKs can produce long-term signals that require specific phosphatases to inactivate (167) .
Alternative sigma factors. Alternative sigma factors help regulate expression of specific genes during stress or morphological development (52, 168) . The largest, most heterogeneous subset of these, known as extracytoplasmic function (ECF) sigma factors, are small regulatory proteins lacking some of the conserved regions of typical sigma factors (168, 350) . M. tuberculosis encodes 13 sigma factors, 10 of which are ECF sigma factors (Table 5) (260) . At least four of the M. tuberculosis ECF sigma factors are cotranscribed with an antisigma factor, a negative regulator that binds the cognate sigma factor until an external signal causes release (19, 172, 331, 389) . This pair functions analogously to the TCS in that external stimuli influence one partner to stimulate or free the other to then induce genes in response to the stimuli (179) . To survive the changing environment within the host, M. tuberculosis uses alternative sigma factors to regulate expression of genes so as to adapt to the new conditions (56) . Sigma factors are known to bind RNA polymerase and thus confer specificity to promoters of certain genes in the particular sigma factor's regulon (204, 205) .
Most of the sigma factors regulate genes that allow bacteria to adapt to stress such as that seen in vivo, including SigB, SigD, SigE, and SigH (56, 131, 259-262, 331, 332) . For instance, a strain of M. tuberculosis lacking SigD grows normally in vitro and during early stages of infection within mice but is attenuated and has a stationary-phase survival defect (309) . Some of the genes reportedly controlled by SigD include a small set of ribosomal genes normally expressed in stationary phase (56) and the resuscitation-promoting factor C (RpfC) (331) , which was shown to be important for mycobacterial regrowth from a dormant, nonreplicating state (292) . There are discrepancies between the two reported SigD regulons that may be due to a difference in strain background (350) . SigD is part of the RelA regulon (87) (discussed below) and is induced under starvation conditions (29) . In vitro inducing conditions for the alternative sigma factors, which are useful for determining regulons and assigning functions, have been defined for only three sigma factors so far (SigB, SigE, and SigH) (260, 350) .
What Else Is Regulated during Infection?
The majority of genes required for survival within a macrophage were found to be constitutively expressed, rather than induced (346) . Likewise, the genes encoding FtsZ, DosR, and Acr are expressed in M. tuberculosis within lung granulomas of guinea pigs, and the proteins are detectable throughout infection (371) . To study the formation of Z rings in M. tuberculosis after growth within macrophages, the only copy of FtsZ was replaced with FtsZ-GFP (72) . Bacteria were reported to be longer after growth in macrophages, and most had spiralshaped FtsZ structures along the length of the cell. It is worth noting that FtsZ-GFP, though it will assemble into the Z ring, has been shown to be less functional than the wild type in E. coli (250, 395, 396) , B. subtilis (242) , and likely S. coelicolor (163) , such that the stress of growth within macrophages could alter the activity of FtsZ-GFP enough to result in altered morphology.
TA system. Originally recognized as a mechanism for ensuring proper plasmid segregation, the toxin-antitoxin (TA) loci have now been shown to be abundant in prokaryotic chromosomes and to have diverse roles (308; see reference 243 for an excellent review of the TA loci and persister cells). The TA loci are abundant in free-living bacteria but are absent from most obligate intracellular bacteria (146) .
There are no known environmental niches for M. tuberculosis, such that its evolution can be thought of as having been explicitly guided by a need to survive within humans, yet M. tuberculosis carries a plethora of TA loci. While M. leprae has no complete TA loci, M. tuberculosis carries 38 chromosomal TA loci (Table 5) (146, 308) . Three of these encode RelBE and nine encode MazEF homologues, all of which are toxins that cleave mRNA in response to nutrient stress or starvation and may coordinate with the RelA response. TAs were thought to be involved in plasmid maintenance or programmed cell death, but evidence suggests that these proteins modulate translation and DNA replication under nutrient stress. This system works by production of a stable toxin and an unstable antitoxin, thus requiring a constant supply of antitoxin.
Persister cells that are tolerant to antibiotics and certain stresses have been described. When HipA is mutated in the HipAB locus in E. coli, more persisters appear (38) , suggesting that HipA may suppress the formation of persisters. HipAB is a typical TA system (39) that is P 4 G (described below) dependent; however, the mechanism of persistence is unknown (146) . HipA may inhibit a cell process in a low percentage of the population of bacteria, which then become dormant persister cells (283) .
What Is the State of Dormancy Models?
M. tuberculosis is thought to encounter nutrient deprivation and reduced oxygen levels, along with stresses produced by the immune response, once it is inside the host (47) . Hypoxia could be one of the key signals for bacteria to enter into dormancy ( Fig. 5) (438) . Because it is difficult to know the precise conditions encountered by pathogens in the host, several in vitro model systems have been developed. These include a nonreplicative persistence oxygen depletion model (NRP) (297, 429, 437) , where oxygen is slowly depleted; a steady-state reducedoxygen model, which makes use of a chemostat (12); a staticculture oxygen depletion model (213) , where cultures are left standing; an aerated stationary-phase model (429); a long-term nutritional depletion at high oxygen concentration model (174); a short-term oxygen depletion model (311, 375, 428) ; addition of nitric oxide (428) ; and a short course of complete starvation model (29) .
M. tuberculosis incubated under many of these conditions, as well as M. tuberculosis isolated from infections, has thickened cell walls, an altered morphology (86) , and duplicated chromosomes and stops replicating (427, 429, 436, 438) . Persistent M. tuberculosis is thought to arrest its growth after completing chromosomal replication (437) . In the case of M. tuberculosis cultured under the NRP conditions, where the culture is gently stirred in a sealed flask, resulting in a slow depletion of oxygen, the bacteria are able to resuscitate from bacteriostasis upon the addition of oxygen (438) . Comparing transcription profiles from studies using the NRP model and from those using the steady-state growth in reduced oxygen model, the most striking commonality is the consistent upregulation of genes within the DosR regulon (311, 428) , with little else in common (427) . It is likely that the DosSR system is important for an evolutionary survival response, but it is still unclear whether it is involved in latency.
Deletion of kasB in M. tuberculosis causes loss of acid-fast staining and subclinical latent tuberculosis in immunocompetent mice. The most profound effect of kasB deletion is the ability of the mutant strain to persist in infected immunocompetent mice for up to 600 days without causing disease or mortality. This long-term persistence of the kasB mutant represents a possible new model for studying latency (31) . Another intriguing potential model for studying chronic infections and, perhaps, latency involves the construction of artificial granulomas by implanting semidiffusible hollow fibers in mice (208) . Stringent response. When bacteria find themselves in an environment that is depleted of carbon sources, they downregulate stable RNAs, stop DNA replication, halt translation, and then reset the rate of these homeostatic reactions to a slower pace (146, 220) . This is known as the stringent response (Table 5) (146) . To accomplish this, a protein known as RelA is triggered by uncharged tRNAs at the ribosomal A site and synthesizes ppGpp and pppGpp (collectively known as P 4 G) (60) . At the same time, the P 4 G hydrolase, SpoT, is inhibited, resulting in accumulation of P 4 G (296). (In M. tuberculosis, active domains from RelA and SpoT are found within a single RelA/SpoT protein [8] .) P 4 G binds RNA polymerase, reducing the promoter open-complex half-life (15, 16, 70) . P 4 G also inhibits exopolyphosphatase, resulting in an increase in polyphosphate (228, 230) . This increase activates the Lon protease to degrade stalled ribosomal proteins, yielding new amino acids (229) . P 4 G is the master regulator during amino acid starvation, selectively affecting certain alternative sigma factors specialized in the stress response (201) .
A relA-null strain of M. smegmatis forms clumpy, elevated colonies that have less pigment than the wild type but no detectable cell wall change or defect in growth (86) . However, the mutant bacteria were longer and multiseptated, and some had a pear-like shape (86) .
How Do Mycobacteria Reactivate from Dormancy?
The Rpf story. The addition of conditioned medium from Micrococcus luteus, or from species of mycobacteria, to cultures of in vitro-induced dormant mycobacteria results in resuscitation of growth of bacteria that normally would have an extended lag phase (377) . Researchers isolated a protein secreted by these bacteria (288) that results in a similar growthstimulating effect when added back as recombinant protein (36, 288, 289, 292, 463) . M. tuberculosis has five of these resuscitation-promoting factors (RpfA to -E) (292), while M. luteus has only one. The single Rpf in M. luteus is essential for viability (291) , while in C. glutamicum, a strain lacking both of its two rpf genes is viable, though it does have a lower growth rate and a longer lag phase (175) . Strains with single deletions in each of the M. tuberculosis genes as well as in combinations of up to three genes are viable (114, 411) . The bulk of the evidence suggests that Rpf proteins are not required for general viability. However, under certain conditions, Rpf does appear to be vital for growth. Strains of M. tuberculosis lacking combinations of three rpf genes were defective for growth in vivo and in an in vitro resuscitation assay (114) . Furthermore, when strains of M. tuberculosis with single deletions of each Rpf were tested in a mouse model that attempts to simulate latent tuberculosis, a strain lacking RpfB failed to reactivate and caused a different histopathology (412) . This implies that the Rpf proteins may be required to respond to conditions specific to a later stage of disease, in particular, dormancy.
How Is Rpf Regulated?
Rpf is glycosylated in C. glutamicum (175) by the pmt gene, a glycosyltransferase essential for glylcosylating secreted proteins in C. glutamicum (255) . It is unclear what affect glycosylation has on Rpf activity. In M. tuberculosis, RpfA was found to be regulated by a cyclic AMP receptor-like transcription factor involved in the response to starvation (347) , while RpfC may be regulated by SigD and possibly RelA and the stringent response (87, 331) . We have recently shown that RpfB interacts with a predicted endopeptidase that is essential for growth and that the two proteins interact at the septum (183) . Whether the relevant regulation of Rpf is transcriptional, through a modification, or through interaction with other proteins is unclear.
How Could Rpf Activate Bacteria?
The feature that defines Rpf proteins is an approximately 70-amino-acid region that is highly conserved across proteins within the Rpf family and found in many unrelated species (338) . Recently, the structure of this conserved domain was found to resemble that of chicken-type lysozyme as well as the soluble lytic factor 70 (Slt70) of E. coli (74, 75) . Rpf is able to hydrolyze PGs from different species of bacteria in several assays (290) . The conserved active-site glutamate was found to be important for this hydrolytic activity but not essential (290) . However, this glutamate was shown to be important for reactivation of dormant mycobacteria in vitro (74, 290) . Interestingly, even though lysozyme cleaves a bond similar to that cleaved by Rpf, it does not have the same stimulatory effect (290) . It is possible that Rpf needs to interact with at least one other protein to produce its effect, as suggested by the C. glutamicum data showing that strains lacking both Rpf proteins were not able to be stimulated by conditioned medium, indicating the need for at least one endogenously expressed Rpf to respond to the conditioned medium (175) . A recent report that RpfB and RpfE interact with RipA, a PG hydrolase, provides further evidence that Rpf does not act alone during resuscitation (392) .
Mycobacteria grown under hypoxic conditions have cell wall changes, including loss of pigmentation and increased thickness (82, 370, 387) . E. coli, which can also enter a state of nonreplication, has been shown to rapidly modify its PG, making it more highly cross-linked with DAP-DAP bonds and less hydrolyzable by enzymes that typically break it down (158, 320, (413) (414) (415) . Similarly, Enterococcus faecalis nonreplicating cells are twice as resistant to mechanical disruption as vegetative or stationary-phase cells and have a higher percentage of crosslinked PG (383) , with more DAP-DAP cross-links and shortened glycan strands (382) , and are O acetylated, which inhibits chicken egg white lysozyme (212) . Considering the changes seen in the mycobacterial cell wall, as well as in the PGs of other bacteria when grown under hypoxic conditions, it may be that Rpf is required to degrade specific types of PG that arise under specific nutrient-limiting conditions. Hydrolytic enzymes are critical for breaking bonds in existing PG in order to allow insertion of new PG monomers. Without these enzymes, bacteria cannot grow. It may be that when bacteria are placed in hypoxic conditions, they go through a programmed shutdown, including more heavily cross-linking PG to survive stress. When nutrients become available, the bacteria will require hydrolases to nick PG to begin to grow out of this dormant state. While this is likely to prove true in general, evidence of this process in latent tuberculosis and Rpf involvement has yet to be conclusively demonstrated.
Interestingly, the mycobacteriophage TM4 requires the presence of an Rpf domain in its tape measure protein to effectively enter stationary-phase mycobacteria, while the domain is not needed for entry into vegetative bacteria (321) . The changes in preparation for limited oxygen and nutrients during stationary phase may generate cell walls that are resistant to nonspecialized hydrolases.
Alternatively, the lytic activity of Rpf could release anhydromuropeptides from the PG, which have been shown to stimulate responses in other bacteria (197) . These molecules could be released by Rpf alone or in concert with other enzymes. Sensors could then detect the released PG fragments and signal a response. Interestingly, PASTA domains found on the aforementioned PknB may be able to detect muropeptides released during hydrolysis of PG such that PknB could serve as a molecular switch between dormant and active bacteria (202) . It could be that both processes of mechanical PG breakdown and signaling work in concert to effectively stimulate growth.
Does Resuscitation Involve Normal Homeostatic Processes?
In fact, the central role for Rpf proteins may actually be in normal homeostatic processes such as PG remodeling, bacterial growth, and cell division. The fact that strains lacking several of the Rpf proteins are viable is not at all surprising, as a strain of E. coli lacking eight PBPs remains viable (102) . The high degree of homology among the Rpf proteins as well as the presence of other mycobacterial proteins predicted to be capable of hydrolyzing PG similarly suggest a requirement for this activity. Though multiple alleles of rpf can be deleted from M. tuberculosis without reduced in vitro viability, recall that rpf is essential in M. luteus (291) and important for normal growth in C. glutamicum, with a decreased growth rate and an increased log phase seen in the rpf null strain (175) . The fact that Rpf peptides (E. Rubin lab, unpublished data) and encoding transcripts (113, 411) are found throughout all stages of growth suggests a role in normal growth (as well as a control mechanism beyond just transcriptional regulation). While the Rpf proteins may be redundant during normal growth (113) , specific changes may occur, such as PG thickening, which then require Rpf, and possibly other enzymes, to initiate new growth and cell wall expansion. Thus, Rpf may not be specific for resuscitation.
In summary, mycobacteria have evolved to survive many different environments. In particular, M. tuberculosis is capable of adapting to many varied niches within a single host. Furthermore, M. tuberculosis can survive for decades before reactivating, a strategy that helps ensure a long-term reservoir of disease. While model systems have revealed several candidate mechanisms involved in the regulation of dormancy, how well these models reproduce important physiologic niches remains unclear. Validating these models and their predictions remains quite challenging.
CONCLUSIONS
It is striking how similar the processes of bacterial growth and division are among very different organisms. However, mycobacteria have developed many variations on these themes. For example, while PG structure is very well conserved among bacteria, the many covalent modifications in mycobacteria create a cell wall that is strikingly different from those of most other gram-positive bacteria. In fact, these structures might well form the functional equivalent of a periplasmic space. In addition, while actin-like structures appear to be vital for maintaining cell shape, no mycobacterial proteins that serve this function have yet been identified. Perhaps FtsZguided polar growth and relatively inert lateral walls are sufficient for determining and maintaining shape in mycobacteria. Although other well-studied bacteria use similar sets of proteins to assemble the divisome, mycobacteria, which lack the initial FtsZ-stabilizing proteins, might use FtsQ and its unique cytoplasmic tails to resolve this deficiency. Also, while mycobacteria lack known Min and nucleoid occlusion proteins, some system for regulating FtsZ assembly that shares properties of those already known will likely be uncovered. For M. tuberculosis, not dividing can be as important as initiating cell division. The lack of growth during latency is probably intimately associated with the ability of the pathogen to survive host inflammatory mediators and antibiotic treatment. Establishing latency requires unique regulatory mechanisms, including signals to enter dormancy and to resume cell division. The participation of hydrolytic enzymes in this process suggests that dormant bacteria might alter cell wall structure and require unique metabolic pathways for regrowth to occur.
The cell wall remains the major target for antibiotic treatment of all bacterial infections. Antimycobacterial drugs are no exception, and this group of drugs is an integral part of standard tuberculosis therapy. The more we understand about the processes involved in cell wall metabolism and growth signaling, the more likely we are to be able to design a new generation of drugs that are effective against the recalcitrant organisms found during infection.
